Introduction
The synthesis of boron compounds applicable to cancer treatment by 10 B neutron capture therapy ( 10 BNCT) has become an urgent goal in light of a resurgence of interest in this field. 1, 2 A vast array of 10 B-enriched compounds has been synthesized and tested for 10 BNCT. 3 We have tried to synthesize pcarboxybenzene boronic acid derivatives from p-toluene boronic acid (p-TBA) for a 10 BNCT agent. However, we have been unable to prepare analytically pure p-TBA, because the boronic acid moiety of p-TBA generally undergoes dehydration upon simple heating to form semi-anhydride [mixture of acid (monomer) and anhydride (trimer)], or pure anhydride. 4 The formation of semi-anhydride was observed in connection with the purification of p-TBA by recrystallization from hot water.
Snyder et al. 5 reported that the formation of anhydride sometimes occurs if aryl boronic acids are simply warmed in an anhydrous solvent, like CCl4 or CHCl3. There is another example that an aryl boronic acid forms the corresponding anhydride, as evidenced by Gilman et al. for ohydroxybenzeneboronic acid. 6 However, pure anhydride of p-TBA has not been obtained to our knowledge.
To separate and classify a boronic acid and its anhydride from each other and from mixtures of both, several aryl boronic acids and its anhydrides, including p-TBA, were investigated by IR spectroscopy. 5 These types of characterizations of aryl boronic acids including the corresponding anhydrides have not yet been studied by 1 H and 11 B NMR. In this work, we describe an identification method of p-TBA and its anhydride from the semi-anhydride based on an investigation of the 1 H and 11 B NMR spectra.
Experimental
Reagents All of the reagents were of special grade and purchased commercially from Nacalai Tesque. Only the solvent CDCl3-d (1% v/v TMS) was purchased from Aldrich Chemical Company. p-Bromotoluene, trimethyl borate and diethyl ether were used after further purification. NMR samples were prepared by dissolving in CDCl3-d at room temperature. The concentrations of the NMR samples were 10 mg/ml.
Preparation of p-toluene boronic acid
p-TBA was prepared by the standard Grignard technique. This technique involves the dropwise addition of pbromotoluene to Mg metal in a minimum amount of purified ether 7 and a further addition of the obtained mixture to trimethyl borate in ether. 8 The crude product of p-TBA was purified by recrystallization from hot water.
Drying procedure
The obtained total yield of p-TBA was divided into two portions. One was dried in an oven at 60˚C for three days. The other was also dried at room temperature for the same number of days. The mp of both samples ranged from 259˚C to 261˚C.
Apparatus and experimental conditions
1 H and 11 B NMR spectra of p-TBA were recorded on a JEOL LA 400NB spectrometer at 25˚C. The observed frequencies were 399.65 and 128.25 MHz, respectively. The internal reference TMS was used for 1 H NMR (δ = 0.00 ppm), and an external reference BF3OEt2 was used for 11 B NMR (δ = 0.00 ppm).
Results and Discussion

H NMR
The 1 H NMR spectra of the samples dried at 60˚C and in room temperature showed that both samples formed semi-anhydride (mixture of Structure 1 and Structure 2). A typical 1 H NMR spectrum of semi-anhydride p-TBA dried at 60˚C is given in Fig. 1 . We can see from these data that the 1 H chemical shifts were nearly the same for both of the samples but their signal intensities are different. The sample dried at 60˚C showed strong signals for the anhydride and weak signals for the acid. On the contrary, the sample dried at room temperature showed comparatively weak signals for the anhydride and strong signals for the acid. This result is reasonable because the content of the Fig. 1) , we have found that the samples prepared at 60˚C and room temperature contained the acid and anhydride in ratios of 6:94 and 34:66, respectively.
As mentioned above, the conversion of aryl boronic acids, like benzeneboronic acid, p-TBA, o-TBA, mesityleneboronic acid, p-ethylbenzeneboronic acid, p-vinylbenzeneboronic acid, and ω-bromo-p-TBA, to the corresponding anhydrides or semianhydrides has already been investigated by IR spectroscopy. 5 According to those studies, when aryl boronic acid forms the corresponding pure anhydride, a so-called strong and sharp anhydride absorption band occurs between 680 and 705 cm -1 . This anhydride absorption band is absent from the spectrum of a pure aryl boronic acid. On the other hand, a pure aryl boronic acid shows the hydroxyl (OH) absorption band in the region of 3250 to 3400 cm -1 , while the IR absorption attributable to the hydroxyl group of boronic acid is not detected in the spectrum of pure aryl boronic acid anhydride. The IR spectrum of semianhydride shows both of these absorption bands, but diminished intensity. The B-O linkage absorption bands arise from both of aryl boronic acids and anhydrides near to the 1350 cm -1 region. We also studied p-TBA by IR spectroscopy and compared the obtained data with those reported herein has; this revealed that the synthesized p-TBA is semi-anhydride. Anhydride-rich p-TBA dried at 60˚C showed strong and sharp anhydride, and weak OH absorption bands. On the other hand, p-TBA dried at room temperature showed relatively strong OH, and weaker anhydride absorption bands than p-TBA dried at 60˚C.
We can see from Fig. 1 that in a semi-anhydride p-TBA, the 1 H signals of acid and its anhydride shows different chemical shifts, and that the hydroxyl 1 H signal of p-TBA in this mixture spectrum disappears due to deuterium exchange with the solvent. If the semi-anhydride contained a large portion of the acid, the 1 H signal intensities of p-TBA would be larger than those of anhydride; also, if the semi-anhydride contained a large portion of anhydride, the 1 H signal intensities of p-TBA anhydride would be larger than those of the acid. This criterion of p-TBA was observed in the 1 H NMR spectra of semianhydrides p-TBA dried at 60˚C and at room temperature. Therefore, we have assigned that the strong signals arose from anhydride, and that the weak signals came from acid in the spectrum shown in Fig. 1 .
Although three different approaches have been tried to prepare either the pure acid or the pure anhydride, we have been unable to isolate the expected compound. To obtain pure p-TBA, the first approach involved further recrystallization of the sample dried at 60˚C from hot water and studying the 1 H NMR without any drying. The NMR spectrum showed that the obtained compound was semi-anhydride, but increased the ratio of acid from 6% to 46% and decreased the ratio of anhydride from 94% to 54%.
The second approach to the conversion of room-temperature dried p-TBA to the pure corresponding anhydride by refluxing with CCl4, proposed by H. R. Snyder et al., 5 was not successful. The 1 H NMR spectrum showed that the obtained compound was semi-anhydride. In this case, the ratio of acid decreased from 34% to 14% and the ratio of anhydride increased from 66% to 86%.
Finally, the third approach involved converting the room- temperature dried p-TBA into its anhydride by recrystallization from anhydrous CHCl3. The obtained compound was dried in a vacuum desiccator over H2SO4 for 24 h, and then heated in an oven at 105˚C for 24 h. This work was also unsuccessful in converting pure anhydride. The 1 H NMR spectrum showed that the obtained compound was semi-anhydride. The ratio of acid decreased from 34% to 11% and increased the anhydride from 66% to 89%. These results suggest that if p-TBA forms a pure acid, the 1 H signals arising from the anhydride may disappear in the NMR spectrum.
B NMR
Although the 1 H signals of acid and anhydride appeared at different chemical shifts, the 11 B NMR spectra of semianhydride p-TBA showed a single signal at 30 ppm. The 11 B NMR spectra of semi-anhydride p-TBA dried at (A) room temperature and at (B) 60˚C are shown in Fig. 2 .
It can be clearly observed from Fig. 2 that the 11 B NMR signal width of semi-anhydride p-TBA dried at 60˚C is much broader than that of semi-anhydride p-TBA dried at room temperature. When a molecule rotates in a liquid, the motion of the molecule generates a magnetic field that plays a crucial role in spin-lattice relaxation to affect the observed nucleus; 9 also, and the molecular motion depends on the shape and size of the molecule. 10 Smaller molecules move more rapidly than larger ones, and the nuclear spin system relaxes more slowly. 11 The average time taken between two orientations of a molecule can be defined as the rotational correlation time (τc), proposed by Bloembergen, Purcell, and Pound, 10 and the longer correlation time permits dipole-dipole interactions to become effective to produce broad lines. 10 A nucleus with a spin of one or more possesses an electric quadrupole moment (eQ) in addition to its magnetic dipole moment. This eQ occurs because of the non-spherical charge distribution of a nucleus, and interacts with the electric-field gradient when the nucleus is situated at a site of lower symmetry than the tetrahedral environment. Usually, a nuclear quadrupole interaction causes spin-lattice and spin-spin relaxation much more effectively than the magnetic dipole-dipole interaction, when molecules undergo molecular motion in a liquid. 12, 13 11 B is a quadrupolar nucleus with a spin of 3/2 and situated at the trigonal symmetry in the molecules under present investigation. Therefore, the signal widths are influenced by the interaction between eQ and the electric-field gradient (eq) around the 11 B nucleus, 14 rather than the magnetic dipole-dipole interaction. The nuclear spin-lattice relaxation time (T1) and spin-spin relaxation time (T2) are as follows: 9
where e 2 Qq is the nuclear quadrupolar coupling constant and τc is the same correlation time for molecular rotation, as in the case of a dipolar interaction. As already mentioned, the anhydride content in the semianhydride is larger for a sample prepared at 60˚C. The e 2 Qq is considered to be nearly the same in the acid and anhydride, because both molecules have the same trigonal environment around the 11 B nucleus (Structures 1 and 2) . The anhydride has a longer τc than the acid, which results in a shorter T2. This causes the 11 B signal of the semi-anhydride dried at 60˚C to broaden more markedly.
To detect the 11 B NMR signal of acid or anhydride separately from the semi-anhydride p-TBA, we used the 180˚-τ-90˚ pulse sequence method. In this method, the relaxation efficiency is characterized by the spin-lattice relaxation time constant (T1) and a variable delay of τ, 15 where τ expresses the time interval of the two pulses. The measurement technique involves a spinlattice relaxation process in which the distribution of the 11 B nuclear spins of acid and anhydride is inverted by means of a suitable 180˚ radio-frequency pulse. A negative signal is observed at first, which becomes increasingly positive with τ, and finally approaches the equilibrium intensity asymptotically. 11 A short radio-frequency pulse was applied to the sample and the resultant NMR signal property was studied. The principle of the method can be best understood by considering the behavior of macroscopic magnetization. Figure 3 shows the evidence of 11 from the semi-anhydride p-TBA. We can see from Fig. 3 that when the 11 B NMR signal intensity of anhydride p-TBA (broad component) passes through zero at τ0 = 220 µs, the observed signal (B) contains only the sharp component attributable to pure acid (Structure 1). The direction of this signal is negative, indicating the long T1. On the other hand, when the 11 B NMR signal intensity of acid p-TBA (sharp component) passes through zero at τ0 = 1800 µs, the observed signal (C) exhibits only the broad component due to pure anhydride (Structure 2). As the value of τ increases, the 11 B NMR signal intensities of the acid and anhydride gradually increase and at last the amplitudes of the signals of both the acid and anhydride approach the equilibrium intensity [ Fig. 3 (D) ]. The values of the spin-lattice relaxation time constant (T1) were obtained to be 2.6 ms for the acid and 0.32 ms for the anhydride, respectively, using the following equation: 11 T1 = τ0/ln2 = 1.44τ0.
It is also possible to assign the 11 B NMR signals of acid and anhydride based on the spin-spin relaxation time constant (T2); also, the T2 value of the 11 B nucleus can be determined by the width of the 11 B NMR signal at half-height. 11, 16 For small-tomedium sized molecules the relation T2 = T1 holds in solution (Eq. (1)). If the value of T2 is small, the signal is broad, and if the value of T2 is large the signal is sharp. 11 We find that the value of T2 is small for the 11 B nucleus of p-TBA (anhydride), and large for the same nucleus of p-TBA (acid). Therefore, the separated 11 B NMR signal of p-TBA (acid) is sharp, and that of anhydride is broad.
In conclusion, the proposed analytical method for identifying p-TBA and its anhydride from each other and from mixtures of both is simple and rapid, and can therefore be successfully applied as an alternative to the existing method 5 for individual identifications of other boronic acids.
